Chapter 33
Precise Point Positioning Using GPS
and Compass Observations

Wei Li, Peter Teunissen, Baocheng Zhang and Sandra Verhagen

Abstract The Compass Navigation Satellite system, which ,currently provides
more than 12 satellites with three carrier signals;‘already satisfies the requirement
of stand-alone positioning in the Asia—Pacific \regional area. First an initial
introduction and performance assessment of'dual-frequency un-differenced precise
point positioning (PPP) for GPS and Compass/is presented, the results of which
indicate that centimeter-level positioning accuracy of Compass-PPP is comparable
to that of GPS-PPP. Then the combined. GPS + Compass dual-frequency PPP
model is introduced, followed by a numerical performance analysis and compar-
ison with single GNSS-PPP. The results show that the combined GPS + Compass
PPP can shorten the convergence /time, but notnecessarily improve positioning
results by much if the satellites of'the single GNSS system already have a good
receiver-satellite geometry.
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33.1 Introduction

The Compass Navigation Satellite System is a global navigation’satellite system,
which is independently deployed and operated by China and still in development.
Currently, Compass system consists of fifteen operational satellites transmitting
navigation signals at three frequency bands (B1, B2, B3), including five opera-
tional Geostationary Orbit (GEO) satellites, five Inclined Geosynchronous Orbit
(IGSO) satellites, and five Medium Earth Orbit (MEQO) satellites. This enables
Compass system to provide navigation service in the Asia-Pacific regional area;
by 2020, a global navigation service will be achieved eventually. Weorldwide users
will be able to have access to services of Compassfor/positioning;-navigation and
timing (PNT), and also take advantage of multi-frequency observations from
multi-GNSS systems to greatly enhance observation redundancy and the naviga-
tion performance [16].

With the increasing development of Compass system, it dfaws enormous interest
and attention of the scientific community. Basedon simulated data, Chen et al. [3]
and Yang et al. [16] pointed out the contribution of Compass to user’s PNT by
analysis of visible satellites and dilutionyof precision (DOP)values. Absolute and
relative positioning tests were also performedusing simulated Compass observations
([1, 2]). Nadarajah et al. [10, 11] used-multiple GNSS antennas mounted on a plat-
form to determine the attitude precisely, with the constrained Least-squares Ambi-
guity Decorrelation Adjustment/ (C-LAMBDA). method. They demonstrated this
method with real Compass data and quantify the improved availability, reliability,
and accuracy of attitude determination using the combined GPS and Compass
constellations. Since the Compass navigation message has not yet been publicly
released, some community have éstimated theorbit and clock of Compass GEO and
IGSO satellites based on ajnetwork of -Compass-capable tracking stations. For
example, Steigenbergert et al. [15] utilized the dual-frequency GPS (L1 and L2) and
Compass (B1 and B2).data from the 1IGS Multi-GNSS Experiment (MGEX) and the
Cooperative Network for GIOVE/Observation (CONGO) to estimate the orbit and
clock errors of Compass,GEO and IGSO satellites, with the orbit quality at meter
level for GEO satellitesand one to two decimeter level for IGSO satellites. Shi et al.
[13] from Wuhan.University determined the precise orbit of Compass satellites, with
the radial accuracy better than 10 cm. These two communities also pointed out that
higher accuracy_orbit and clock of Compass satellites can be achieved by denser
distributed tracking stations.

Along with the accomplishing of regional Compass system, investigations have
focused._on- positioning performance using real observations mostly. Shi et al.
[13414] showed that an accuracy of 20 m can be achieved for Compass standalone
positioning; in short baseline experiment, the precision of Compass-only relative
positioning are 2—4 cm; and the combined GPS + Compass solutions have
improved the positioning by at least 20 % compared with GPS-only solutions.
Based on achieved orbit and clock products, static PPP and kinematic RTK can
also achieve centimeter level and 5-10 cm respectively. Steigenberger et al. [15]
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also tested the Compass PPP performance and compared it with GPS PPP in the
aspect of positioning and zenith wet delays (ZWD) solutions. Montenbruck et al.
[8, 9] demonstrated the high level of stability for the Compass inter-frequency
carrier phase biases, and verified the tripe-frequency relative positioning with real
Compass data.

PPP is an attractive positioning technique with a high' accuracy using a
standalone GNSS receiver, and GPS dual-frequency PPP has-been an active
research topic over the past decade. It is well known that static GPS-PPP is capable
of providing millimeter to centimeter positioning accuracy /using daily observa-
tions [7, 17]. Based on the post-processing Compass orbit and,clock products from
Steigenberger et al. [15], this contribution aims at‘showing an initial result of
Compass-PPP using daily dual observations, and comparing the performance with
dual-frequency GPS-PPP and combined GPS +.Compass PPP. In the following
sections, the un-differenced PPP algorithm for/dual-frequency single and two
GNSS systems is presented. Numerical results of Compass-PPP ‘and combined
GPS + Compass PPP are firstly reported and'discussed.

33.2 Dual-Frequency PPP Algorithms

In the un-differenced PPP algorithm; the original. GNSS code and phase observ-
ables are adopted; and LOS ionospheric delays areregarded as estimate parameters
together with position, receiver clock error,  zenith tropospheric delays and
ambiguity. In this section,/dual-frequency PPP' algorithms for single and two
GNSSs are both presented, including the functional and stochastic models.

33.2.1 Dual-Frequency PPP

The dual-frequency GNSS code and”carrier-phase observation equations can be
expressed as:

Py = 07 5y S+ Ty Iy o+ by =+

s S Ky Ay s ) s (331)
! = p, 4 dt, —dt +Tr_:uj'1r,1+ vj'Mr,/--f—Sd)

where pj.;, o) ; denoteithe code and phase observables from satellite s to receiver
r on frequency j. p) is the geometric range between satellite and receiver antennas;
dt, and dr’ refer to the receiver and satellite clock errors; 7% denotes the tropo-
spheric delays; b} and b,; are the satellite and receiver code instrumental delays
due jto’ the transmitting and receiving hardware; IS, = 40.28 /f{ - sSTEC is the
ionospheric delay on GNSS group signal propagatioh at frequency fi, sTEC is
the slant total integrated electron content; W= )»f / /lf, describes the dispersive
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ionospheric effect, /; is the wavelength at frequency j; M} is the carrier-phase
ambiguity including satellite and receiver phase instrumental delays_and initial
phase bias; ¢, and ¢4 refer to observational noise and multipath effects.

The precise satellite clock products from IGS or other organization;which always
refer to ionosphere-free code and phase combinations, can be written as [5, 6]:

i, = dt* + b, (33.2)

where df* and dt; denote truth and published values, the precise clock values used
in this paper are from IGS and Technical University Munich (TUM, Munich,
Germany) for GPS and Compass satellites respectively. by, = o5 - b} — oy - b}
denote the ionosphere-free combination of by and by, &= w, / (uyf==1). When the
precise products are utilized, an additional combination of b} and b is’introduced
to both observation equations, Eq. (33.1) can be written as:

P = pyAdt, —dij + T} + ;- I 4 boar + o (B=B)+ g,

= - X %Y (33.3)
d)‘” =p,+dy —diy + T — ;- I, 75 /M, ; + bjr +&g

Similarly, b, ;5 = o3 - by; — o1 - b2 denote the ionosphere-free combination of
b,y and b,», B® = b, — b} and B, = by, by are differential code biases (DCBs)
for each satellite and receiver respectively:, The above-mentioned code biases can
be absorbed in receiver clock, ionospheric delays and,phase ambiguity, with the
satellite positions X, fixed, Eq/ (33.3),can be,linearized near the approximate
receiver position X? and the full-rank observation equations can be expressed as:

Apy ;= — wy - Ar {am S dl & 1Y + ey

A
( ) ) (33.4)
A, = — W - At m) A+ dfy— i I + 7 M + 6
where Api,f and Aq&i}i denote the observed minus calculated observations for the code
and carrier-phase, for which/some systematic errors, satellite clock errors, and dry
tropospheric delays, have been a priori corrected; p is the unit direction vector from
receiver r to satellite.s;’and Ar denotes the three-dimensional increments of X?. m?

.
and 1, are wet.tropospheric mapping function and the remaining wet zenith tropo-

spheric delay..d?”; I:f and Mﬁ=b are the estimable receiver clock error, ionospheric

delays and carrier-phase ambiguities biased by b, bj, which are:

dt® = dt, + b, r (33.5)
LY =1, +a (B —B) (33.6)
MY =l MS; = bygp + by + ;- (B, — BY) (33.7)

Assuming m satellites were simultaneously tracked by receiver r, then by
incorporating the linearized equations (as Eq. 33.4) for all satellites, the following
compact form of the observation equations can be formed:
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y = A - X + & ,e~N(0,0 33.8
dmx1 4mx(3m+5) (m+5)x1 4m>><1 ! ( Q») ( )
x = [Ar, 1, d, 1Y, ME]T (33.9)

The unknown vector in the PPP includes three position coordinate parameters, a
wet zenith tropospheric delay parameter t,, a receive clock cotrection parameter

dr®

7, slant ionospheric delays at L; If:ll’, and float ambiguity terms M at each
frequency, where s = 1 - - - m. The quantity Q,, takes the form/of-a diagonal matrix
with its diagonal elements Q; = o3 /sin®(E?), ES is the elevation angle of each

satellite and o is the standard deviation of the GNSS observation at zenith.

33.2.2 Dual-Frequency Combined PPP

Based on Eq. (33.4), the linearized equation’ can be obtained after applying the
GPS and Compass precise orbit and clock cotrections. ‘A, systematic time differ-
ence between GPS and Compass time system is existed, that is df, = dtg + dty.
The estimable clock corrections can'be-written as:

dt?t = dt% + at? (33.10)

sys
where dtfys = dlsy + brCJF — bf,F 1s a'sum of real GPS-Compass system time and a
biased term b¢ . — b¥,. Then Compass observations can be written as:

ApS; = =S Ar+mf g+ dif P edr] + ep

c c c Gb Zys 1C asCh (33.11)
Ap,; = —w, - Arctm ) o, +AR" +dig + A7 - M, + &g

sys

dtfys is the estimable GPS-Compass system time difference. The observation

equations and unknown vector can be,formed:

y o= A - X+ og 6~ N(0,0y 33.12
amE1 dmx(3i6) (GmO)x1 gy (0,0y) ( )

y=[Ar), 1, d* di® " M0 (33.13)

sys? i

33.2.3-Dynamic Model

The Extended Kalman Filter (EKF) is utilized in the parameter estimation, and the
corresponding dynamic model can be denoted as:

2(i+1) = Oy - x(1) + (i), @~ N(O, Qo) (33.14)



372 W. Li et al.

®;,,; is the corresponding transition matrix, o is the normally-distributed
process noise with zero-mean and variance—covariance (VC) matrixQ -
In dual-frequency PPP, the matrix ®;;; and Q. can be denoted as:

@1 = di 1,0, T, 33.15

+, lag{3£3 mim 2m£2m} ( )

Que = diag{qy - At, q. - At, g, - At, q; -At, 0"} (33.16)
mxm 2mx2m

where At is the time interval between adjacent epochs. The' five sub-matrices in
®; . ; correspond to the transition matrices of the positioning, ZTD, receiver clock
error, ionospheric delays at L; and ambiguities; their/ corresponding spectral
density matrices ¢;,q, and O indicate that these four kinds of parameters are
modeled as a random walk process, white noise process, random walk process and
time-invariant parameter set, respectively. Theactual values of elements in the
spectral density matrix depend mainly on the practical.

In the dynamic model of dual-frequency combined PPP, an additional param-
eter dlfys is added in the parameter vector;-with/a transition matrix of identity and
modeling as a time-invariant parameter.

33.3 PPP Solutions and Amalysis
33.3.1 Data and Models

In this section, a comparative analysis of GPSrand Compass PPP was conducted to
validate the performance of Compass PPP. Three days datasets of two continuous
tracking stations, named as CUT0 andCUTA, were adopted from Curtin University,
Australia. The two stations were equipped with Trimble NetR9 receivers, which can
track all available GNSSsatellites at each open frequency, including GPS (L1, L2,
and L5), GLONASS.(L1,1.2, and .3), Compass (B1, B2, and B3), Galileo (E1, E5a,
E5b, and E5a 4+ b)and QZSS (L1, L2, L5, and LEX) satellites. Since the two stations
are near, only the-results from CUTO station are showed in this paper.

Figure 33.1 shows the sky plots of GPS and Compass constellations observed at
CUTO (32/00°S,.115.89°E) on March 20, 2012, with a cut-off elevation of 10°. For
Compass.system, it can be:seen that four GEO satellites are stationary and always
visiblesdn the northern hemisphere, and five IGSO satellites have a track of 8-sharp.
Figure-33:2;shows the visible satellites and PDOP values of GPS-only, Compass-
only..and combined GPS and Compass constellations at CUTO. The average
number of visible satellites for Compass and combined GPS and Compass system
are.7.8 and 16.5, with an increase of about 112 %. It can also be seen that there is
an/obvious decrease of PDOP values when Compass is added to GPS, from the
average of 2.94 to 1.38. This will enhance the precision and liability of navigation
service using combined GPS and Compass system.
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Fig. 33.1 Sky plot (azimuth vs. elevation) of GPS (left) and Compass (right) at CUTO on March
20, 2012, cut-off = 10°
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Fig. 33.2 Satellite visibility and PDOP of GPS (/eft), Compass (middle) and combined GPS and
Compass (right) constellations at CUTO on March 20, 2012, cut-off = 10°

Dual-frequency GPS/and Compass) observations during March 20th and 22th
(DOY 80-82) 2012 are’selected for PPP experiments. The Compass orbit and clock
products are provided by TUM, [15] in current International Terrestrial Reference
Frame (ITRF).at an.interval.of 30 s, which is computed based on 6 Compass-
capable receivers distributed in Asia—Pacific area. IGS final orbit and clock
products /at an/interval of 15 min and 30 s, as well as the differential code bias
products areused for' GPS satellite corrections. For all PPP solution, a cut-off
elevation.of 10° is adopted and UNB3m model and Global Mapping Function
(GME)_are’ utilized for ‘priori correction of tropospheric delay and mapping
function of ZTD estimation. The filter convergence time is defined when the
positioning accuracy of each component is better than 10 cm. The reference
coordinates for CUTO and CUTA station are obtained by network adjustment
using Bernese 5.0 software, with an accuracy of 3 mm for horizon and 5 mm for
vertical.
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33.3.2 Dual-Frequency PPP

Compass Bl and B2 frequency observations for three days are -utilized for static
Compass-PPP. The positioning results are shown in Fig. 33.3, together with the
statistics of results after convergence in Table 33.1.

From Fig. 33.3 and Table 33.1, it can be concluded that, based on the existing
Compass products from TUM, the positioning results of 1-3,cm can be achieved
in dual-frequency Compass-PPP. After filter convergence, the 3D positioning
accuracy is better than 3 cm; and the stability of filter can be‘achieved at a level of
1-2 cm.

The corresponding dual-frequency GPS-PPP wesults and the. statistics are
showed in Fig. 33.4 and Table 33.2 respectively. As we know, PPP solutions are
sensitive to satellite orbit and clock products., Currently, the «Compass orbit and
clock products from TUM have a lower accuracy-than GPS products from IGS.
Therefore, the convergence time of Compass-PPP\is longet than GPS-PPP. After
filter convergence, the positioning accuracy of ‘Compass=PPP+is comparative to
GPS-PPP, both at a level of cm.

Figure 33.5 shows the difference of zenith tropospheric delays (ZTD) and
receiver clock error estimations from -GPS-only and.Compass-only PPP. The
difference of ZTD is less than 2 cm, witha bias of 0.8 cm and standard deviation
of 1.0 cm. Based on Eq. (33.5), the difference of receiver clock estimations can be
expressed as:

(di)) dr?) = dtsys + b — bp (33.17)

From Eq. (33.17), it is obvious that aboyve term is same as the estimable biased
GPS-Compass time difference dtfyx, which.can be regarded as a constant in daily
data; Fig. 33.5 shows that the difference of receiver clock error tends to

571.3-571.5 m, with. a standard deviation of 0.1 m.
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Fig. 33.3 Dual-frequency Compass-PPP positioning results for three days at CUTO
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Table 33.1 Statistics of Compass-PPP solutions after convergence at CUTO, in cm

375

Component DOY80 DOY81 DOY82
Bias STD RMS Bias STD RMS Bias STD RMS
North —0.5 0.2 0.5 —-0.6 0.6 0.9 -15 0.6 1.6
East 2.7 0.6 2.8 —0.8 1.3 1.5 -1.0 1.0 1.4
Up 0.5 1.1 1.2 1.5 0.7 1.7 Al 1.8 24
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Fig. 33.4 Dual-frequency GPS-PPP positioning tesults.for three days at CUTO
Table 33.2 Statistics of GPS-PPP solutions after.convergence at CUTO, in cm
Component DOYS80 DOYS8I1 DOYS82
Bias STD  RMS Bias STD:».. RMS Bias STD  RMS
North 0.7 0.8 1.1 06 0.8 1.0 06 0.7 0.9
East —-1.0 0.6 12 —-02 105 0.6 -09 0.6 1.1
Up 1.3 0.3 1.4 0.5 0.7 0.9 0.5 0.8 0.9

Difference of ZTD from GPS and Compass PPP [cm]

Difference of receiver clock errors from GPS and Compass PPP [m]
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Fig. 33.5 Difference of ZTD (left) and receiver clock error (right) estimations from GPS and

Compass PPP
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33.3.3 Dual-Frequency Combined PPP

To evaluate the PPP performance using single and combined GNSS' systems, GPS
and Compass observations are integrated to perform combined PPP. The initial
STD values for GPS and Compass code and phase observations ate vital important
to define the measure precision of code and phase, as well as'their relative pre-
cision, a proper weight ratio between GPS and Compass observations can shorten
the convergence time and improve the filter stability. "Figure 33.6 shows posi-
tioning mean and STD of the combined PPP with different STD ratios, where
ratio = STD¢/STDg.

Figure 33.6 shows that when we give an equaliweight for GPS.and Compass
observations, the stability and accuracy of positioning tesults will achieve 2—4 and
3.5-4.5 cm respectively, and the optimal STD-tatio for Compass/GPS observa-
tions is 2.2. Figure 33.7 shows the combined PPP.results on-DOY080 and 081/
2012 with a weight ratio of 2.2. The results show that, combined GPS + Compass
PPP can also achieve a positioning accuracy ,of cm level;zandyit can shorten the
convergence time, from 33 to 30 min, but/not necessarily improve positioning
results by much if the satellites of the 'single GNSS system already have good
receiver-satellite geometry.

The local overall model (LOM) test analyses the discrepancy between data and
given model by means of least squares residual vector.e, with an average of 1 [12].
Where LOM = ¢" Q"¢ /red, when japplying the LOM test in EKF, ¢ is the pre-
dicted residual, Q is the predicted covariance matrix, and red represents the
redundancy at the current epoch. Figure’33.8'/shows the LOM test statistics
accompanying PPP results for/Compass and GPS respectively. The repeatability of
LOM test for Compass PPP due to the multipath effect.
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Fig. 33.6 Positioning mean and STD of combined PPP with different STD ratios for Compass/
GPS observations
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GPS+Compass PPP at CUTO (DOY 080/2012) GPS+Compass PPP at CUTO (DOY 081/2012) GPS+Compass PPP at CUTO (DOY 082/2012)
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Fig. 33.7 Combined GPS + Compass PPP positioning results for two’days at CUTO, STD
ratio = 2.2
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Fig. 33.8 LOM values for Compass, GPS/and combined PPP, DOY80-82/2012
33.4 Conclusions

This study reports the performarce of dual-frequency Compass-PPP and combined
GPS + Compass in static mode in comparison with GPS-PPP. Based on the
Compass products from TUM/ three daily datasets have been used in the numerical
analysis. The main conclusions are‘as followed:

1) Currently, dual-frequency Compass-PPP is capable of providing static posi-
tioning at centimeter level, which is comparative to GPS-PPP.

2) Combined ‘GPS/4 Compass PPP shorten the convergence time slightly, but it
contributes’only~marginally to the GNSS-only positioning accuracy.

It should.be;noted that the. Compass orbit and clock products from TUM are
only based on'six stationsy.and have a lower accuracy than IGS products, which
result in the longer time-for convergence and less positioning accuracy of Com-
pass-PPP.; In. future, with more accuracy of Compass products, the positioning
accuracy of Compass-PPP will be further improved. Furthermore, PPP technique
using Compass triple-frequency signals also needs for attention.
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